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INTRODUCTION
Heat stress physiology of poultry has been investigated extensively (Edens and Siegel, 1975, 1976; Edens, 1978; Edens et al., 1992; McCormick et al., 1979 McCormick et al., , 1980 Ait-Boulahsen et al., 1989 , 1993 , 1995 , and as a result of this research, many approaches have been developed to increase thermotolerance leading to minimization of heat-related mortality and to maintenance of productivity. These approaches include heat acclimation (Arjona et al., 1988 (Arjona et al., , 1990 Davis et al., 1991) , feed intake manipulation and feed deprivation (McCormick et al., 1979 (McCormick et al., , 1980 , and use of electrolytes and vitamins in drinking water (Ait-Boulahsen et al., 1989 , 1993 , 1995 Ferket and Qureshi, 1992) .
The study of the heat shock (HS) response at cellular and molecular levels has provided clues for a better understanding of the mechanism(s) involved in development of thermotolerance in cultured cells. The phenomenon of HS response has been defined as the expression of a small group of highly conserved polypeptides, known as heat shock proteins (HSP), by prokaryotic and eukaryotic cells in response to high ambient temperatures or other environmental stressors (Ashburner and Bonner, 1979; Craig, 1985; Lindquist, 1986; Lindquist and Craig, 1988) . The HS response appears to be universal and can be detected in organisms as diverse as bacteria and humans (Lindquist, 1986) .
Evidence of HSP involvement in the development of thermotolerance was provided in early research (Li and Laszlo, 1985; Lindquist, 1986; Hahn and Li, 1990) , and the induction of HSP, especially HSP70, is well correlated with development of thermotolerance in many cell types (Li, 1985; Li and Mak, 1989) . Mammalian cells have been used primarily in development of cellular models for the study of HSP functions during in vitro heat stress. Heat stress in vitro has been limited to short periods, often less than 1 h, and the HS response or survival rate of those cells was examined immediately or shortly after the heat treatments. Long-term heat conditioning, leading to heat acclimation, of animals, using HSP as a marker for heat acclimation, has had limited examination in vertebrates (Ulmasov et al., 1992; Wang, 1992) .
The HSP play a vital role in cellular homeostasis during development of thermotolerance (Craig, 1985; Li and Laszlo, 1985; Lindquist, 1986; Laszlo, 1988; Lindquist and Craig, 1988; Hahn and Li, 1990 resistant to subsequent exposures to lethal thermal stressors (Li and Laszlo, 1985; Lindquist, 1986; Hahn and Li, 1990) . Induction of HSP by nonthermal stressors, such as arsenic, cadmium, ethanol, hypoxia (Li et al., 1982) , and glucocorticoids (Fisher et al., 1986) , also lead to acquired thermotolerance (Landry et al., 1982; Subjeck et al., 1982; Tomasovic et al., 1983; Li and Laszlo, 1985) .
Acquisition of thermotolerance is depressed by manipulation of HSP genes (Rosen et al., 1985; Johnston and Kucey, 1988; Sanchez and Lindquist, 1990) . Microinjection of mammalian cells with antibodies against HSP70 caused decreased survival during in vitro heat exposure (Riabowol et al., 1988; Khan and Sotelo, 1989) . Additionally, microinjection of HSP70 mRNA enhanced cellular thermoresistance in HS mammalian oocytes (Hendrey and Kola, 1991) indicating a significant role of HSP in acquisition of thermotolerance.
Prior exposure to heat stressors decreased mortality by elevating resistance of broilers (Arjona et al., 1988 (Arjona et al., , 1990 Davis et al., 1991) or turkeys (Jones and Barnett, 1973) to subsequent heat challenge, but an understanding of this phenomenon on a molecular level has received little attention. Therefore, this study was undertaken to ascertain whether heat conditioning, leading to heat acclimation, could result in enhanced in vitro or in vivo expression of HSP in peripheral leukocytes from broiler chickens and turkeys.
MATERIALS AND METHODS

Animals
Day-old broiler cockerels 4 were obtained from the North Carolina Agricultural Research Service Poultry Field Research Laboratory, and male turkey poults 5 were obtained from a commercial hatchery. 6 The chickens and poults were transported to Institutional Animal Care and Use Committee-approved animal care facilities within 6 h after hatching. The birds were given free access to water and feed and were maintained in thermoneutral environments on a 24 h light to 0 h dark photo schedule throughout the experiment. These thermoneutral environments, with relative humidity varying between 45 and 55%, were established at 35 C during Week 1, 30 C during Week 2, and 25 C from Week 3 until the end of each experiment.
Heat Conditioning and Heat Stress
Each described experiment was conducted in two separate trials with equal numbers of birds involved in each treatment per trial. In Experiment 1, blood samples were collected from 5-wk-old unconditioned broiler chickens that had been maintained continuously in thermoneutral environments. Peripheral leukocytes were isolated and were then subjected (Experiment 1A) to in vitro heat stress (see below). Additionally, three chickens were subjected to an acute in vivo heat exposure (Experiment 1B) of 41 C for a period of 60 min, and these birds were bled serially from the ulnar vein for isolation of peripheral leukocytes (described below) at 0, 30, and 60 min exposure time. A similar blood collection procedure was conducted in each of the following experiments.
In Experiment 2, broiler chickens at 5 or 6 wk of age (10 per group) were heat conditioned at 41 C for 60 min daily for 2 or 1 wk, respectively. One day after the termination of 1 and 2 wk heat conditioning periods, three birds were taken from both heat-conditioned and unconditioned groups. The blood samples were collected and leukocytes were isolated for subsequent in vitro heat stress.
In Experiment 3, heat conditioning episodes were initiated in 1-d-old male turkey poults (in groups of 10 birds each) via exposure to 41 C for 60 min at 1 d of age, then daily for 1 wk, 3 wk, or 5 wk. Before blood samples were taken, the heat-conditioned birds were allowed to recover from their last heat exposure episode for 41 d, 5 wk, 3 wk, or 1 wk, respectively, for 1 d, 1 wk, 3 wk, or 5 wk heat conditioning episodes. At 6 wk of age, three turkeys from each group, including an unconditioned control group, were selected and bled. Peripheral leukocytes were isolated for subsequent in vitro heat stress.
In Experiment 4-, 5-, and 6-wk-old broiler chickens (10 per group) were heat conditioned daily via exposure to 41 C for 60 min daily for 2 and 1 wk, respectively. One day after the termination of the heat conditioning periods, the birds were exposed to a final heating episode of 41 C and 50% relative humidity for periods of 0, 30, 60, or 105 min to examine in vivo HSP response of peripheral leukocytes. During the heat stress, three birds were selected for bleeding from 1-and 2-wk heat-conditioned groups and from an unconditioned control group. At each sampling time, the birds were selected on the basis of similar body temperatures to avoid possible body temperature influences on HSP expression during the in vivo heating episode. The individual birds were subjected to blood sampling only one time during the 105-min exposure time, and after the individual bird was bled, it was removed from the test group.
The chickens used for in vivo HS response (Experiments 1B and 4) were monitored for body temperature (T b ) via a 5-cm colonic insertion of a thermistor probe attached to a tele-thermometer. 7 The T b were determined 30 s (time required for stabilization of the telethermometer) after the colonic insertion of the thermistor probe.
Peripheral Leukocyte Isolation, Heat Shock, and Radioisotopic Labeling of HSP
The procedure was similar as that described by Edens et al. (1992 Peripheral leukocytes, that were exposed to heat in vitro, and those immediately isolated from in vivo heatstressed birds were labeled in MEM-Met -with 100 mCi/ mL of L-[ 35 S]methionine 10 (1,150 Ci/mmol) at 37 C for 30 min. The labeling was terminated by adding cold (4 C) HBSS, and the cells were pelleted by centrifugation. After five washings with HBSS, the cells were lysed in the sample lysis buffer (Laemmli, 1970) with addition of 1 mM phenylmethylsulfonyl fluoride. 11 The cellular proteins were heat denatured at 95 C for 10 min, and aliquots were stored at -70 C.
Determination of Radioactivity for the Radioisotopic Labeled Cellular Proteins
The radioactivity of 35 S-labeled proteins was measured by a method described by Edens et al. (1992) . Briefly, equal aliquots (5 mL) from each sample was spotted onto a piece of Whatman 11 3-mm filter paper. The cellular proteins were then fixed on the filter paper by using 10% trichloroacetic acid. 11 After washing with methanol, 11 , the radioactivity of 35 S-labeled cellular proteins was counted in a liquid scintillation counter. 12
Polyacrylamide Gel Electrophoresis and Autoradiography
Separation of cellular proteins was performed on onedimensional SDS-PAGE (1-D SDS-PAGE) according to the procedure of Laemmli (1970) . Proteins were loaded onto the gels on the basis of equal amounts of radioactivity (counts per minute) in the 35 S-labeled protein in the individual samples. Prestained protein markers 13 with known molecular weights were applied to calculate the molecular weight of labeled cellular proteins. The marker proteins included lysozyme (14 kDa), trypsin inhibitor (20 kDa), carbonic anhydrase (29 kDa), alcohol dehydrogenase (39 kDa), bovine serum albumin (68 kDa), and phosphorylase B (95 kDa). The gels were dried on gel filter paper with a Bio-Rad Model 583 gel dryer 13 and exposed to Kodak XOMT AR x-ray film 8 for autoradiography for a period of 5 d. Quantification of the autoradiogram HSP23, HSP70, and HSP90 spots was performed with a 300A Scanning Computing Laser Densitometer. 14 Background on each lane on the gel was corrected before quantification of each HSP band absorbance.
Statistical Analysis
A completely randomized statistical design was used in all experiments. Statistical analyses of the data were performed with the general linear models program of the SAS ® (SAS Institute, 1990), and differences among means were determined by least squares. Statements of significance were based upon P ≤ 0.05 or less as indicated in the text or in figure legends.
RESULTS
In Vitro and In Vivo HSP Profile in Peripheral Leukocytes from Broilers
In Experiment 1, representative HS responses in broiler chicken peripheral leukocytes for both in vitro (Experiment 1A) and in vivo (Experiment 1B) heat stress are shown in Figures 1A and 1B , respectively. Three major HSP (HSP90, HSP70, and HSP23) were induced by heat stress. The expression of HSP was more pronounced in vitro and in vivo with increasing incubation temperatures or ambient temperatures, respectively. The HSP of leukocytes exposed in vitro at 45 C were elevated significantly (P ≤ 0.05) by 5.4-, 4.5-, and 3.4-fold, respectively, for HSP90, HSP70, and HSP23 ( Figure 1A) . Expression of HSP was depressed at 47 C and abolished at 49 C because the cells were not able to survive at the higher temperatures. The leukocytes isolated from the in vivo heat-stressed broilers synthesized HSP90 and HSP70 after 60 min at a level about twofold greater (P ≤ 0.05) than the controls at 0 min ( Figure 1B) . The increase in HSP expression in vivo was accompanied by elevated body temperatures of 42.0 and 43.8 C at 30 and 60 min, respectively, in comparison to the control body temperature of 41.2 C at 0 min. The expression of HSP23, compared to other HSP, was only slightly stimulated (P > 0.05) after 60 min of heat stress in vivo ( Figure 1B) .
Effect of Heat Conditioning on In Vitro Expression of HSP in Leukocytes of Broilers and Turkeys
In Experiment 2, 1 wk of heat conditioning of broiler chickens enhanced HSP expression in the in vitro heatstressed peripheral leukocytes (Figures 2 and 3) . Densitometric analysis indicated significant (P ≤ 0.05) increases in HSP expression in leukocytes, from both heat conditioned and unconditioned control chickens, when they were heat-stressed in vitro with an exception at 49 C. HSP90, HSP70, and HSP23 were increased significantly at 45 and 47 C (P ≤ 0.05) with increased levels ranging from 20 to 63% higher in the heat conditioned birds than in the control birds (Figure 3) . However, an exception to this profile was the HSP90 response at 47 C, where the HS responses for heat conditioned and unconditioned birds were equivalent (Figure 3) .
Similarly, a 2-wk heat conditioning period enhanced HSP expression (Figures 4 and 5) . Peripheral leukocytes, isolated from the 2-wk heat conditioned broilers, showed significantly (P ≤ 0.05) increased expression of HSP. The increased expression of HSP in leukocytes from the heat conditioned birds ranged from 20 to 36% higher for HSP90, HSP70, and HSP23, at 45 and 47 C, when compared to the unconditioned control birds. Again, the exception to these observations was the HSP90 response at 47 C where the HS response between the two groups of birds was equivalent. Because the leukocytes were not viable after the 49 C in vitro heat exposure, this heat stress treatment was removed from subsequent studies.
The HS response in peripheral leukocytes from 1-wk heat conditioned turkeys was similar to the pattern found in chickens given the same heat conditioning treatment. In vitro expression of HSP90, HSP70, and HSP23 was enhanced in the turkeys heat acclimated for 1 wk. At 47 C, HSP90, HSP70 and HSP23 were elevated significantly (P ≤ 0.05) by 76, 69, and 38%, respectively, compared to unconditioned controls. A representative autoradiogram is not presented because it was similar to the profile found in chickens (Figure 2) . Experiment 3 was designed to examine the effect of duration of heat conditioning and the effect of recovery from the conditioning on subsequent heat-induced HSP expression. A graphical representation of the HSP response in Experiment 3 is presented in Figure 6 , showing that induction of the HSP in the turkey was temperature dependent and could be enhanced with heat conditioning. Exposure of the turkey poults to 41 C for 60 min at 1 d of age had no effect on the subsequent in vitro heat-induced HSP measured in leukocytes from those birds at 6 wk of age when compared to that of unconditioned control poults. Leukocytes from both control and 1 d heat conditioned poults were stimulated to express HSP in vitro when the poults were 6 wk old, but the ratio of HSP between control and 1-d heat conditioned poults was close to unity. Therefore, the birds subjected to heat stress at 1 d of age served as controls for those that were heat conditioned daily for 1, 3, or 5 wk, and the ratios of control (1 d heat stressed) to heat conditioned for 1, 3, or 5 wk are shown in Figure 6 . The in vitro heat-induced expression of HSP was significantly enhanced (P ≤ 0.01) by 40% to 115% at 43 and 45 C exposure temperatures in 1-, 3-, and 5-wk heat conditioned birds when compared to the 1-d heat-stressed birds. The HSP23 response was an exception to these observations showing significant increases in the 43 C in vitro exposure in cells from the 1-and 3-wk heat conditioned birds and was significant (P ≤ 0.05) only with 1 wk heat conditioning when leukocytes were heat stressed at 45 C in vitro.
The 3-wk heat conditioning was associated with the greatest induction of the HSP among the three different heat conditioning treatments. The elevated expression of HSP90 and HSP70 in the cells from the 1-, 3-, and 5-wk heat conditioned turkeys was measured when the poults were 6 wk of age and indicated that these birds had not reverted to a unconditioned control state at either 5, 3, or 1 wk after the termination of the various heat conditioning treatments. . Densitometric analysis of heat shock proteins (HSP) synthesized in the peripheral leukocytes of control (C) and 1-d, 1-wk, 3-wk, and 5-wk heat conditioned turkeys. At 6 wk of age, leukocytes were isolated and heat stressed in vitro for 30 min at temperatures of 37, 41, 43, and 45 C. The protein levels were analyzed with a scanning computing densitometer after one-dimensional SDS-PAGE and autoradiography. The HSP are expressed as a ratio (conditioned:control) of each HSP from the different periods of heat conditioning. Each bar on the graph represents the treatment mean ± SEM. An asterisk indicates significant differences (P ≤ 0.05) between control and heat conditioned samples within the same heat stress incubation temperature.
Effect of Heat Conditioning on In Vivo Expression of HSP in Leukocytes of Broilers
In Experiment 4, the effect of daily heat conditioning episodes on broiler chicken leukocyte HSP induction in vivo is shown in Figure 7 . One-week heat conditioning significantly (P ≤ 0.05) stimulated the induction of HSP90 and HSP70 by 25 to 43% over control levels at 60 and 105 min of heat stress at 41 C. However, HSP23 expression increased by 36% after 60 min of heat stress in vivo but showed no enhanced expression after 105 min of in vivo heat stress. On the other hand, 2 wk of daily heat conditioning did not enhance leukocyte HSP expression in vivo, and this was contrary to the observations made when the peripheral leukocytes were heat stressed in vitro (Figures 4 and 5) . . Densitometric analysis of in vivo synthesis of heat shock protein (HSP) HSP90, HSP70, and HSP23 in the peripheral leukocytes of heat conditioned chickens during a final acute heat stress. Following heat conditioning for 1 h/d at 41 C for 1 and 2 consecutive wk, the chickens were subjected to acute heat exposure at 41 C for 0, 30, 60, and 105 min shown above on each lane. The cells were isolated from the control (C), 1-wk heat conditioned (H1), and 2-wk heat conditioned chickens (H2). Each bar on the graph represents the treatment mean ± SEM. An asterisk indicates significant differences (P ≤ 0.05) between control and heat conditioned samples within the same heat stress time.
Body temperatures of birds in heat-conditioned and control groups were elevated after 105 min of the heating episode, but the differences in mean T b were not significant. The mean T b of birds at 0, 30, 60, and 105 min exposure time were 41.3, 42.3, 43.6, and 45.7 C, respectively. Therefore, the differences in HSP expression were not likely to be due to differences in T b among the various treatment groups.
DISCUSSION
Heat conditioning in both broiler chickens and turkey poults enhanced expression of HSP90, HSP70, and HSP23 in peripheral leukocytes when these cells were heat stressed in vitro. Peripheral blood leukocytes from 5-wk-old poults subjected to one bout of heat stress at 1 d of age did not respond with enhanced expression of HSP when the cells were subjected to in vitro heat stress. However, daily exposure to the heat conditioning environment for 1 wk was sufficient to enhance the HS response when the leukocytes were heat stressed in vitro in the following week. A 3-wk heat conditioning period for turkeys, followed by a 2-wk rest period, was associated with maximal induction of the three HSP studied in these experiments. A 5-wk heat conditioning period also enhanced HSP induction, but the magnitude of the HS response was less than that noted for the 3-wk heat conditioned birds. The apparent reduction of the HS response in the 5-wk heat conditioned birds suggested that the birds had become acclimated to the conditioning environment, and the same heat stimulus was not sufficient for additional HSP expression.
The experimental results also suggest that the heat conditioning had the potential to enhance HSP expression several weeks after the termination of heat conditioning. Daily heat conditioning of turkey poults, beginning at 1 d of age, for 1 wk continued to influence leukocyte expression of HSP when examined 4 wk later, not only at the protein level (this study) but also at the mRNA transcript level (Wang and Edens, 1994) , suggesting that thermotolerance had developed in association with HSP induction, and this influence was evident for at least 4 wk. Therefore, the observations reported by Arjona et al. (1988 Arjona et al. ( , 1990 , that 5-d-old broiler chickens, exposed to heat stress for 24 consecutive h, were more tolerant to heat stress may be related to preheat conditioning and enhancement of their HSP response when they were 43 d old.
However, observations have been reported that question the role of HSP in acquisition of thermotolerance. A major inducible HSP, HSP68, was not required for the development of thermotolerance in rat fibroblasts (Widelitz et al., 1986) or mouse plasma cytoma cells (Aujame and Firko, 1988) . Synthesis of HSP70 as well as HSP26 was not necessary for development of thermal resistance in yeast cells (Craig and Jacobson, 1984; Petko and Lindquist, 1986) , human × hamster chimeric cells (Anderson et al., 1991) , or in postimplantation rat embryos (Harris et al., 1991) . These conflicting observations may suggest that not all HSP are required for development of thermotolerance, but that this development may be dependent upon cell type or tissue analyzed, animal species, experimental conditions, or the presence or the absence of the constitutive and inducible HSP (Hatayama et al., 1991) . In fruit flies, ecdysone-induced thermotolerance was accompanied by enhanced expression of small HSP, but not HSP70 (Berger and Woodward, 1983) . In thermoresistant mammalian cells, expression of constitutive HSP70 was enhanced in one cell line (Li and Laszlo, 1985) , whereas constitutive HSP90 was enhanced in a second cell line (Yahara et al., 1986) . Moreover, in thermotolerant Chinese hamster V79 cells, HSP70, HSP85, and HSP105 were expressed constitutively (Hatayama et al., 1991) .
In the present study, the peripheral blood leukocytes from heat-conditioned birds synthesized large quantities of HSP90, HSP70, and HSP23. These observations suggest that the heat-conditioned birds may have a HS response that may be unique to the species. The expression of HSP may not be the only factor required for the development of thermotolerance. It has been noted that N-acetylgalactosaminyl transferase (GaINAcT) activity and glutathione synthesis were enhanced during development of thermotolerance in cultured mammalian cells (Henle et al., 1990; Harris et al., 1991) . It was proposed that thermotolerance may develop by increasing cellular expression of endogenous heat protectors, such as glycoproteins by enhanced GaINAcT, which is a key enzyme involved in expression of O-linked glycoproteins (Henle, 1987) . This proposal is supported by the finding that expression of a 50-kDa protein was associated with enhanced activity of GaINAcT during development of thermotolerance (Henle et al., 1988 a,b) .
Other factors such as plasma hormones also influence the HS response in heat conditioned birds. It was observed that corticosterone and testosterone interact synergistically to increase HSP induction in caponized cockerels, whereas estradiol had little effect (Wang, 1992) . The HSP responses to adrenal and sex steroid supplementation also brings into the realm of possibility the induction of HSP through steroid receptor activation. Heat acclimation increases an animal's ability to survive thermal stress, and this is associated with elevated concentration of plasma corticosterone (Edens and Siegel, 1975) , whereas depletion of the hormone resulted in death (Edens and Siegel, 1975; Edens, 1978) . Corticosterone has been shown to stimulate expression of HSP (Fisher et al., 1986; Wang, 1992) . Therefore, the HS response may be used as an analytical tool to better understand an animal's response to heat stress on a molecular basis by association of HSP induction and thermoresistance. However, until additional work is completed, the mechanisms involved in gene expression of the HSP in domestic fowl remain obscure.
The effect of the heat acclimation on HSP expression was reported in catfish (Koban et al., 1987) . Hepatocytes isolated from catfish showed enhanced expression of HSP94 and HSP74 during in vitro heat stress. In contrast to the results with birds reported here, the induction of HSP in vitro did not differ in the hepatocytes between the heat acclimated and nonacclimated catfish. These observations support the idea that there are cell and/or species specificities associated with expression of HSP. The widely different HS responses of the catfish and domestic fowl (chickens and turkeys) that had been heat conditioned, appeared to reflect species abilities to adjust to various thermal environments. The fish, a poikilothermic animal, has a wide thermoneutral range, whereas the bird, a homeotherm, has a narrow thermoneutral range. Therefore, more varieties of inducible HSP might be essential for acquisition of thermotolerance in birds in contrast to fish exposed to similar thermal extremes.
To determine whether there were differences in expression of HSP between in vitro and in vivo HS after heat conditioning, the heat conditioned chickens were heat stressed at 41 C for 105 min to examine the response of leukocyte HSP. Similar to in vitro HS treatment, but after a 2-wk heat conditioning treatment, HSP induction in peripheral blood leukocytes was greater than that in unconditioned chickens exposed acutely to the 41 C environment. These results suggested that a 2-wk heat conditioning treatment could lead to heat acclimation. As a result of heat conditioning, biochemical and physiological mechanisms were induced to cope with heat stress at 41 C, and as a result, this induction may have delayed production of additional acute phase proteins to protect the cells from damaging effects of the, now perceived, mild heat stress. However, the knowledge of the involvement of HSP in the HS response of poultry is still evolving and additional research must be conducted to fully understand the HS response at this level.
